Theta oscillations clock hippocampal activity during awake behaviour and rapid eye movement (REM) sleep. These oscillations are prominent in the local field potential, and they also reflect the subthreshold membrane potential and strongly modulate the spiking of hippocampal neurons. The prevailing view is that theta oscillations are synchronized throughout the hippocampus, despite the lack of conclusive experimental evidence. In contrast, here we show that in freely behaving rats, theta oscillations in area CA1 are travelling waves that propagate roughly along the septotemporal axis of the hippocampus. Furthermore, we find that spiking in the CA1 pyramidal cell layer is modulated in a consistent travelling wave pattern. Our results demonstrate that theta oscillations pattern hippocampal activity not only in time, but also across anatomical space. The presence of travelling waves indicates that the instantaneous output of the hippocampus is topographically organized and represents a segment, rather than a point, of physical space.
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Theta oscillations are a prominent 4-10-Hz rhythm in the hippocampal local field potential (LFP) of all mammals studied to date [1] [2] [3] , including humans 4 . During wakefulness they are associated with different speciesspecific behaviours, and they are invariably present during REM sleep 2, 3 . In the rat, theta oscillations always accompany voluntary movement and active exploration 2, 5 . Theta oscillations are essential for the normal functioning of the hippocampus, because manipulations that disrupt them produce behavioural impairments that mimic hippocampal lesions 6, 7 . The importance of theta oscillations is underscored by the fact that they reflect subthreshold membrane potentials [8] [9] [10] and strongly modulate the spiking 5, 11, 12, 13 of hippocampal neurons. Furthermore, theta oscillations gate synaptic plasticity, because the timing of stimulation with respect to the phase of theta is important in determining the magnitude and direction of synaptic change 14, 15 . Theta oscillations therefore offer macroscopic access to the internal clock of the hippocampal circuit, responsible for temporally patterning its operation. Such clocking is essential for the temporal coding of spatial information by place cells 5, 16 , as evidenced by theta phase precession [17] [18] [19] . In addition to coding position, theta phase precession ensures that the order of place-cell firing over behavioural timescales (seconds) is preserved and compressed within individual theta cycles and inside the window of plasticity 18 . In the presence of spike-timing-dependent plasticity 20 , the resulting compression of temporal sequences offers a mechanism for the formation of hippocampal memory traces 21 . Furthermore, theta oscillations modulate activity not only in the hippocampus, but also in several subcortical, limbic and cortical structures [22] [23] [24] . If theta oscillations can be thought of as a clock, what time is it in different parts of the hippocampus? In other words, how does the phase of theta oscillations depend on the anatomical location of the recorded LFP? It is well known that the amplitude and phase of theta oscillations depend on the depth, or more precisely the lamina, of the observed signal [25] [26] [27] , because several current dipoles located in different layers contribute to the macroscopic oscillation 12, [28] [29] [30] [31] [32] . Conversely, it is believed that theta oscillations are robustly synchronized within each layer across the anatomical extent of the hippocampus 28, [32] [33] [34] , despite some early evidence to the contrary 26 . The dominant view is therefore that theta oscillations are a global clock, and the anatomical extent of the hippocampus is synchronized with zero delay or, figuratively speaking, contained in a single time zone 32 . In contrast to this view, we provide direct evidence that theta oscillations are not synchronized within stratum oriens of CA1, but are travelling waves that propagate predominantly along the septotemporal (long) hippocampal axis. Furthermore, we show that the firing of CA1 neurons is modulated in a wave pattern that is predicted by the LFP waves. Therefore, time in the hippocampus, as clocked by theta oscillations, is anatomically organized in a way similar to time on Earth-in a progression of local time zones.
Depth profile of theta oscillations
How can the depth dependence of theta phase be disentangled from systematic variations across the hippocampal surface? The solution requires recordings from a lamina in which the phase of theta oscillations shows little or no dependence on depth. We sought to determine whether such a lamina exists, and if so, whether it is sufficiently thick to allow reliable electrode positioning. To investigate this issue, we used multisite silicon probes with 50 mm vertical site spacing (Supplementary Information, section 1.1), and quantified with high resolution the depth profile of theta oscillations in behaving ( Fig. 1 ) and urethane-anesthetized rats ( Supplementary Fig. 2 ). In agreement with several previous studies 27, 30, 34 , we found that theta oscillations start reversing their phase slightly below the pyramidal cell layer, as determined by the peak amplitude of sharp-wave-associated ripples and the reversal of sharp-wave polarity ( Fig. 1e and Supplementary  Fig. 4d ). Moreover, there is a notable phase gradient throughout the dorsoventral (vertical) extent of stratum radiatum. In contrast, the phase of theta oscillations is practically constant throughout the vertical extent of a large slab of tissue (at least 400 mm thick), just dorsal to the CA1 pyramidal cell layer and including the entire stratum oriens (Fig. 1b) . Therefore, we can reliably study the spatial organization of theta oscillations by comparing LFPs recorded at any depth within stratum oriens of CA1, but at systematically different septotemporal and transverse coordinates in the hippocampus.
Topography of theta phase offsets
To sample theta oscillations topographically across the CA1 circuitry, we used microdrive arrays targeting rectangular grids spanning approximately 5 mm 2 of the hippocampus (0.5-mm spacing) and allowing the independent depth adjustment of 24 tetrodes and four single reference electrodes ( Supplementary Fig. 3 ). The arrays were chronically implanted and tetrodes were positioned in stratum oriens of CA1 on the basis of sharp-wave polarity and ripple power (Supplementary Information, section 1.2 and Supplementary Fig. 4 ). Figure 2 illustrates the anatomical position of one adjusted recording grid with respect to the hippocampus, and shows example recordings obtained while the rat ran on a linear track (Supplementary Figs 18-27 ).
Clear phase offsets were present in theta oscillations recorded in stratum oriens of CA1 from different locations on the grid (Fig. 2g) , whereas their coherence across the grid was almost perfect ( Supplementary Fig.  5 ). This is in contrast to the phase constancy of theta oscillations as a function of depth within stratum oriens discussed earlier (Fig. 1) .
Next, we investigated whether the observed variability in the phase of theta oscillations is systematically organized across the hippocampus. To address this question (see Supplementary Information, section 1.3) we computed the instantaneous phase differences between theta oscillations recorded at each location on the grid and a reference tetrode in the centre of each grid (Fig. 3) . These intralaminar phase differences exposed notable order and consistency across animals (Fig. 3) . In particular, the relative phase of theta oscillations progressively advances from medial to lateral, whereas it is approximately constant along the rostrocaudal axis. Furthermore, the equiphase contours are roughly linear and are therefore well approximated by a planar (constant) phase gradient (analysis of variance (ANOVA) for multiple regression P , 10 29 , R 2 . 0.88, in all three animals). The magnitude of the phase gradient in the three examples from different rats (Fig. 3a-c , and its anatomical orientation was 1u, 16u and 21u, respectively, with 0u corresponding to the mediolateral and 290u to the rostrocaudal direction. The parsimonious explanation for the observed intralaminar theta phase profiles is that theta oscillations are in fact travelling plane waves that propagate with consistent speeds and directions across animals.
Theta oscillations are travelling waves
We analysed the instantaneous organization of theta oscillations and observed clear travelling plane waves ( dominant direction but also within a range of 645u around the dominant direction (Fig. 4c) . The speed of theta wave propagation, u (Fig. 4d) , and the spatial wavelength, l (Fig. 4e ), also showed a moderate level of variability (coefficient of variation ,0.5). The median values of the propagation direction (with respect to the mediolateral axis), speed, and spatial wavelength for each animal were as follows: h 5 22u, 3u and 217u, u 5 87, 80 and 107 mm s
21
, and l 5 13.6, 11.1 and 14.9 mm. The mean propagation direction with respect to the septotemporal axis was 32u, with its transverse component pointing from distal to proximal CA1 (towards CA3). Wave parameter distributions were very similar across animals, although the within animal similarities were even higher, indicating the presence of small systematic individual differences (Fig. 4c-e) .
Travelling waves of spiking activity Because the LFP recorded at each point on the grid reflects the collective behaviour of the local neuronal population, the fact that theta oscillations are travelling waves indicates that neurons in CA1 must spike in a wave pattern consistent with the LFP wave ( Supplementary   Information, section 1.4) . We experimentally tested this prediction by positioning the tetrode grid within the CA1 pyramidal cell layer and recording the spiking activity of several neurons while rats ran on a linear track (Supplementary Figs 6, 8 and 9 ). To overcome the sparseness of firing on the timescale of a theta cycle ( Supplementary Fig. 6b ) we computed the mean phase of firing of spikes recorded at each point of the grid with respect to a single theta reference oscillation (Supplementary Figs 12 and 13) . If spiking in CA1 is synchronized, the mean phase of firing at each point of the grid should be identical. In contrast, if spiking is organized as a travelling wave, the mean phase of firing should systematically advance across the grid in the direction of wave propagation. The latter is indeed the case when all recorded spikes are considered ( of the theta wave seen in the LFPs (Fig. 5a, b) . Parameter values were as follows (536 grid) LFP wave: h 5 217u, l 5 23.2 mm, ANOVA P , 10 
Functional implications
We have demonstrated that within the septal third of the hippocampus theta oscillations and CA1 firing are organized as travelling waves, propagating in a direction with a dominant septotemporal component, and wavelength commensurate with the long hippocampal axis. We do not know yet if the waves travel throughout the entire septotemporal axis of the hippocampus. Assuming, for now, that they do ( Supplementary Fig. 15 ), we examine their potential functional implications. The anatomical projections of CA1 are systematically organized along the septotemporal axis with pronounced differences between the two poles 35 . For example, the septal third of CA1 projects to retrosplenial and perirhinal cortex, whereas projections to the hypothalamus, lateral septum, amygdala and medial prefrontal cortex preferentially originate from the temporal third of CA1 (refs 35-37) . Travelling waves ensure that these distinct hippocampal targets receive peak CA1 input in a particular order. This may be important for the integration of heterogeneous information in downstream networks. Furthermore, there is growing evidence that the size of hippocampal place fields systematically increases along the septotemporal axis [38] [39] [40] . In the presence of travelling waves, this indicates that CA1 output may cycle from finer to coarser spatial resolution within each theta period.
Although the peak of CA1 activity travels septotemporally, an individual hippocampal neuron can still fire throughout the theta cycle, albeit with modulated intensity. Therefore, at each instant there are neurons discharging at every septotemporal level. A question remains as to how travelling waves inform what is represented by these populations of co-active cells. In addition to place specificity of firing 16 ( Supplementary Fig. 11 ), pyramidal neurons in the rat hippocampus show a strong correlation between place and phase of firing with respect to the local theta cycle, that is, theta phase precession 17, 19 ( Supplementary Fig. 10 ). The phase precession relation allows one to infer the location of the place-field centres of the neurons that fire in the course of a theta cycle (Fig. 6a) . Consider, for example, a population of neurons with similar field sizes and four successive time windows in a theta cycle (Fig. 6a) . Place specificity dictates that only the neurons with fields that overlap the rat's current location will fire (Fig. 6b) , but phase precession further suggests that they will fire in sequence, rather than at once (Fig. 6c) . Neurons with field centres behind the rat's location fire early in the theta cycle, whereas neurons with field centres ahead of the rat fire late (Fig. 6c) . In this manner, a segment of space the length of a place field is traced in the course of a cycle. This effect, known as ''compression of temporal sequences'' 18 , has been established experimentally 18, 41 and presumably occurs at every septotemporal level. If theta oscillations are zero-lag synchronized, the compression of temporal sequences occurs in phase along the septotemporal axis and the instantaneous output of CA1 encodes a point of physical space (Fig. 6c) . When the septotemporal expansion of place fields is considered [38] [39] [40] and the nonlinearity of phase precession is accounted for 17, 18 , the range of physical space represented by the hippocampus under synchronous oscillations depends on the phase of theta, shrinks to a point at least once, and is not consistently mapped on the septotemporal axis ( Supplementary Figs 16 and 17a , c, e, bottom panel). Travelling theta waves introduce consistent theta phase offsets between different septotemporal levels, and so the compression of temporal sequences is systematically staggered along the septotemporal axis (Fig. 6d) . In the presence of waves, at every instant a segment of physical space of characteristic length is topographically mapped along the septotemporal axis ( Fig. 6d and Supplementary Figs  16, 17b, d , f, bottom panel). Time circularly shifts the encoded segment along the wave propagation direction, making it wrap around as if the septal and temporal poles were connected (Fig. 6d) . So the fact that theta oscillations are travelling waves suggests that the instantaneous output of the hippocampus represents a segment, rather than a point, of physical space.
Possible mechanisms
Theoretical analysis of travelling waves in the cortex has suggested at least three distinct mechanisms 42 , and experimental data indicate that all three may be involved in theta oscillations. The first and simplest mechanism is delayed excitation from a single oscillator. This mechanism may apply to the medial septum, which is considered to be the principal pacemaker of theta oscillations and whose projections to the hippocampus are topographically organized along the septotemporal axis and travel through four separate routes with potentially different transmission delays 35 . The second mechanism is propagation of activity in an excitable network. This is relevant for the contribution of area CA3, because in disinhibited longitudinal slices pulses of activity propagate unattenuated throughout the length of CA3 (10 mm) with speeds of 0.1-0.15 m s 21 (refs 43, 44) , matching the direction and speed of wave propagation we describe. The third mechanism requires a gradient of natural frequencies in a network of weakly coupled oscillators. Neurons in the entorhinal cortex have intrinsically oscillating membranes with natural frequencies in the theta range 45, 46 . Furthermore, the natural frequencies are topographically organized and decrease in the dorsoventral direction 47 , therefore providing the conditions for intrinsic travelling waves within the entorhinal cortex. Similarly, neurons within CA1 itself exhibit theta frequency resonance 48 and it has been argued that resonant frequencies decrease along the septotemporal axis 39 , consistent with the observed wave propagation direction. Finally, it is important to emphasize that the brain areas exhibiting theta oscillations or containing theta phase-locked neurons are not connected in a simple feedforward network, but are part of a feedback loop with elaborate interconnection topographies. Therefore, theta resonance at the level of individual neurons [45] [46] [47] [48] , local interactions between neuronal populations 49 , and global coupling between areas through connections with various transmission delays 50 all play a part in determining the spatiotemporal characteristics of theta oscillations throughout the loop. Given the above considerations, we predict that theta oscillations are travelling waves not only in CA1, but also in dentate gyrus, CA3, subiculum and the entorhinal cortex.
Travelling waves with consistent propagation parameters within a circuit represent topographic maps of temporal activation order. Therefore, in conjunction with other known topographies and local circuit properties, they can elucidate not only the global features of information representation but also the direction of information flow and the nature of information processing.
METHODS SUMMARY
Long-Evans male rats, 3-6 months old, were used in all experiments. Chronic recordings were obtained while rats ran on a 180-cm linear track for water reward. Acute recordings were obtained under urethane (1.3 g kg 21 ) anaesthesia. Two skull screws above the contralateral cerebellum and cortex served as ground and reference in all recordings. Multisite silicon probe experiments. Rats were implanted chronically (n 5 2) and acutely (n 5 2) with multisite silicon probes targeting bregma 5 23.9, lateral 5 2.7 (NeuroNexus Technologies, probe 2b: 54 sites in two staggered columns 43 mm apart, 50 mm vertical site spacing). During surgery, probes were stereotactically lowered and secured so that the middle of their recording vertical extent was approximately at the CA1 pyramidal cell layer. Two-stage chronic microdrive array experiments. Rats (n 5 3) were implanted with custom arrays targeting rectangular grids (635, 438 and 536), allowing the independent depth adjustment of 24 tetrodes and four reference electrodes. In all grids, probe spacing was 0.5 mm and the target of the caudomedial grid corner was bregma 5 25.3, lateral 5 1.0. In phase 1, tetrodes were positioned in stratum oriens of CA1 and the data used in the LFP theta wave analysis were obtained. In phase 2, tetrodes were lowered to the CA1 pyramidal cell layer and the data used in the spiking wave analysis were recorded. Electrode position reconstruction. Sharp-wave polarity analysis was used during phase 1 to confirm the depth of all tetrodes within stratum oriens above CA1 (Supplementary Information, section 1.2.2 and Supplementary Fig. 1a) . At the conclusion of phase 2, the final location of each tetrode tip was marked by an electrolytic lesion (10 mA anodal current for 15 s), brains were fixed, and a highresolution structural MRI scan was performed to reconstruct electrode tracks in three-dimensions ( Supplementary Fig. 1c ).
